The sign of the mean transverse momentum of non-equilibrium light charged particles was determined from the circular polarization of coincident g-rays emitted from residual nuclei for 14 N-induced reactions on 154 Sm at incident energies, ErA s 35, 100 and 155 MeV. Results of the emitted a-particles at mid-central collisions show the predicted transition from mean-field dominated dynamics at low energies to nucleon-nucleon collision dominated dynamics at high energies. q
Ž
. Physics Letters B 446 1999 197-202 Direct observation of the inversion of flow R Transverse momentum transfer in heavy-ion collisions is an important observable that reflects the balance between the mean field and collisional dyw x namics 1-4 . This balance evolves with both impact w x parameter and bombarding energy 5 . At low ener-Ž . gies ErA s 10 MeV , the mean field is attractive and two-body collisions are suppressed by the Pauli exclusion principle. There, the sense of rotation of the intermediate reaction complex has been determined via measurements of the circular polarization w x of g-rays emitted by the excited target residue 6,7 .
Coincidence measurements between these g-rays and the reaction products demonstrated the existence of w x orbiting trajectories at the Coulomb barrier 6 and predominantly negative deflection angles for nonw x equilibrium light charged particles and fragments 7 .
Ž . At higher energies ErA ) 100 MeV , two-body collisions are frequent, and eventually the repulsive nature of the nucleon-nucleon collisions dominates. Both the attractive and repulsive collective motions are studied in global transverse momentum analyses w x 8 in which the transverse momentum of each fragment is projected onto an estimated reaction plane for the event. The dominant correlation between the fragments X transverse momenta is caused by collective motion, the signal of which can be deduced by averaging the transverse momentum over many events. Directed collective flow can then be defined 0370-2693r99r$ -see front matter q 1999 Published by Elsevier Science B.V. All rights reserved.
Ž . PII: S 0 3 7 0 -2 6 9 3 9 8 0 1 5 4 5 -7 ( )by the slope of the average in-plane transverse momentum versus rapidity around the mid-rapidity region. In such global transverse momentum analyses, however, information about the overall sign of the directed momentum is lost even though transport model calculations require sidewards collective flow on the same side as the projectile for the successful interpretation of flow. Until now, the sign of the w x transverse flow has not been determined 1-4 though indirect conclusions may be drawn from the recent w x measurements of pion flow 9 .
The transition from the attractive mean-field dominated dynamics of low-energy reactions to the repulsive nucleon-nucleon collision dominated dynamics of high-energy reactions is expected to occur at incident velocities comparable to the Fermi velocity w x where Pauli blocking becomes less effective 10 . The most direct way to observe the transition from attractive to repulsive interactions is to measure the change in sign of the transverse momentum vector. Unfortunately, such experiments are rare and very difficult technically. Instead, most studies measured the ''balance energy'', the energy where the attractive and repulsive interactions supposedly balance and the flow should vanish. These measurements rely on deducing the minimum in the transverse flow values. The ''disappearance'' of flow has been estimated to be around 100 MeV per nucleon bombardw x ing energies for light symmetric systems 11 and w x depends on impact parameters 5,12 .
In this article, we describe an experiment designed to determine the mean sign of the scattering angles of the emitted particles for the 14 N q 154 Sm reaction at ErA s 35, 100 and 155 MeV. We use the technique of measuring the circular polarization of g-rays emitted in coincidence with the light charged particles. In order to observe the change of sign, an impact parameter filter is required. This filter must be transparent to the g-rays and compact enough to fit between the two polarimeters which determine the circular polarization of the emitted g-rays.
The measurements were performed at the Na- Evaporation residue, fission and total fusion cross-sections were previously measured for this reaction over the same range of incident energies, and significant residue cross-sections were found to w x exist even at the highest energies 13 .
In the polarization experiment, a doubly symmetric arrangement of the experimental apparatus was used. A schematic of the experimental set up is shown in Fig. 1 . Two DE y E telescopes were positioned at f s 08 and f s 1808 around the beam axis and subtended approximately 108 F u F 358, where u and f are the polar and azimuthal angles respectively. These were used to detect and identify charged particles. The DE detector consisted of a 5 cm = 5 cm 16-strip Si detector, 300 mm thick, and was positioned 135 mm from the target position. The E Ž . detector consisted of nine tapered CsI Tl detectors, 7 cm long. These were arranged in a square 3 = 3 geometry and placed immediately behind the Si detector. A compact cylindrical multiplicity filter, the Minitube, consisting of 58 scintillating fibers, was The circular polarization of g-rays emitted perpendicular to the reaction plane defined by the beam axis and the coincident light charged particles, was measured with two forward-scattering polarimeters w x 15 . These were positioned at u s 908, f s 908 and w x u s 908, f s 2708. The sign convention adopted 6,7 to define the polarizations with respect to the quanti-< < zation axis n, is given by n s p = p r p = p where and the detected particle, respectively. The measurement relies on the assumption that the angular momentum transferred to the target residue will be preferentially oriented in the direction expected for a friction-like mechanism between the surfaces of the w x colliding nuclei 6 . Thus positive circular g-ray polarizations correspond to a photon spin parallel to n, and a deflection of the emitted particle to negative angles by the nuclear mean field. Negative circular g-ray polarizations correspond to a photon spin antiparallel to n and a deflection of the emitted particle to positive angles, caused by repulsive effects of nucleon-nucleon collisions. Zero polarization values may indicate that either the attractive and repulsive interactions balance each other or that the detected light-charged particles, in the absence of a collective velocity component, are emitted at random azimuthal direction.
Experimentally, the count-rate asymmetry, P A, g is measured. For the doubly symmetric detector system, the count rate asymmetry can be expressed as w x 15
where N are the coincidence count rates of particle i j detector i and polarimeter j. The analyzing power A corresponds to the sensitivity of the overall polarimeter setup to the circular polarization of the emitted g-rays. The direction of the polarimeter magnetic field was reversed every hour during the experiment in order to detect and cancel out spurious count rate asymmetries.
Measurements of A were made using g-ray sources and compared to theoretical simulations using Monte Carlo techniques, which lead to a value of w x A f 1.5% 15 . The value of the effective analyzing power is considerably reduced by neutrons emitted in the reaction. The neutrons interact with the detec-Ž X . tor and produce g-rays via n,ng reactions which in turn interact with the detector as well. A comprehensive experimental study of the effects of the neutron multiplicity on the analyzing power was therefore made and values of A were estimated for the energies measured and impact parameter gates used in the subsequent analysis. These values were found to vary between 0.85% and 0.95%, similar to values obtained previously for the same reaction at ErA s w x 35 MeV 7 .
Ž . Assuming that N f N f N f N in Eq. 1 11 12 21 22 and A f 0.9%, the uncertainties in P can be de- ber of coincidence counts. Thus a measurement with a statistical accuracy of 5% will require a minimum of 5 million counts. Even if one is to determine P to g within the statistical uncertainty of 30%, 150,000 coincidence particles will still be necessary. Thus, the present experiment is very challenging both technically and in terms of statistics. Angular correlation measurements have demonstrated that charged particles are preferentially emitw x ted in the reaction plane 16 . Individual charged particles are therefore useful for an approximate determination of the reaction plane. Note also that for the observation of the polarization, a much poorer determination of the reaction plane will be sufficient than needed for the observation of the alignment apparent in an azimuthal angular distribution. Since w x the magnitude of polarization values increases 7 while the dispersion of the reaction plane decreases w x with fragment mass 16 , polarization values are expected to be the largest in magnitude, and the change in sign the strongest, for a particles as compared to protons, deuterons and tritons. This follows from the fact that the random momenta of the constituent nucleons, relative to the collective momenta, increasingly cancel. The measured circular polarization of g-rays in coincidence with a particles is shown in Fig. 2 and listed in Table 1 At all incident energies the central impact parameter bin has a polarization that is statistically consistent with zero. Due to lack of statistics, these data have very large error bars and are not plotted here. Rather they are listed in Table 1 together with all the polarization data points measured in the present work. Ž For peripheral collisions open points in Fig. 2 and . Table 1 , the polarization is positive at 35 A MeV and very close to zero at the two higher energies of 100 A and 150 A MeV. Similar trends are observed for the measured P for particle mass A F 3. The g observation is consistent with previous studies where the maximum flow has been observed at mid-central w x collisions 17 .
Ž . For mid-central collisions closed points , the most striking feature is the change in sign of the a-particle associated polarization from positive values at 35 A MeV to negative values at 100 A MeV and 155 A MeV. This change in sign of the a-particle associated polarization provides a direct observation of the change from attractive mean field dominated dynam-Ž . ics at low energies P ) 0 to repulsive nucleong nucleon collision dominated dynamics at the higher Ž . energies P -0 . The change of sign occurs around g ErA s 70 MeV. The previous study of the balance energy for symmetric systems ranging from C q C to w x Kr q Nb reactions 11 , suggests the same value of Table 1 Circular polarization of coincident g-rays emitted from residual nuclei for the reaction 14 about ErA s 70 MeV for mass 170. It remains to be understood, however, why the balance energy for an asymmetric system of 14 N q 154 Sm should follow the mass dependence established for symmetric systems. Fig. 3 shows the measured g-ray polarizations in coincidence with protons, deuterons and tritons for the mid-central collisions. The magnitude of the polarizations are smaller than the P associated with g the emitted a particles. This may be partly related to the fact that the statistics are much poorer for deuterons and tritons and that the reaction planes are less well defined.
To provide consistency checks between the measured circular polarizations associated with p, d, t and a-particles, we adopt the coalescence model. In this model, the cross section of a composite particle with mass A is proportional to the A th power of the nucleon cross-sections
Assuming the light particles are emitted in the Ž . reaction plane, the g-ray polarization P A associg ated with a fragment with mass A can be related to the difference between positive-and negative-angle cross sections. Ž . Ž .
for small Ds , and P 1 is the proton g-ray polar-1 g ization. Ž . Using Eq. 6 , we can compute the expected values of P for p, d, t from the measured P g g associated with the a particles as indicated by the hatched areas in Fig. 3 . The magnitude of the measured polarizations are consistently smaller than the scaled P . For tritons, the expected change of sign g for the polarization is not observed. However, much more statistics will be needed in order to study the mass dependence on the sign change of the circular polarization associated with emitted light particles. In previous balance energy measurements on symw x metric systems 11 , the balance energy was assumed to be independent of the mass of the emitted particles, however the measurements were not definitive due to lack of statistics especially for deuterons and tritons as in the present study.
In summary, we have measured the circular polarization of coincident g-rays emitted from residual nuclei for 14 N-induced reactions on 154 Sm at ErA s 35, 100 and 155 MeV for mid-central and peripheral impact parameters. We deduced the sign of the mean transverse momentum of non-equilibrium light charged particles. The circular g-ray polarization associated with a particles emitted in mid-central collisions changes sign from positive at 35 A MeV to negative at 100 A MeV and 155 A MeV, demonstrating directly the predicted transition from nuclear mean-field dominated dynamics at low energies to nucleon-nucleon collision dominated dynamics at high energies. The change of sign was not observed for a-associated polarization in peripheral or central collisions. Due to lack of statistics, the mass depen-( )dence of the polarization is not well determined for particles lighter than alphas at high incident energy.
